Extensive invasion and angiogenesis are hallmark features of malignant glioblastomas. Here, we co-cultured U87 human glioblastoma cells and human microvascular endothelial cells (HMEC) to demonstrate the exchange of microRNAs that initially involve the formation of gap junction communications between the two cell types. The functional inhibition of gap junctions by carbenoxolone blocks the transfer of the anti-tumor miR-145-5p from HMEC to U87, and the transfer of the proinvasive miR-5096 from U87 to HMEC. These two microRNAs exert opposite effects on angiogenesis in vitro. MiR-5096 was observed to promote HMEC tubulogenesis, initially by increasing Cx43 expression and the formation of heterocellular gap junctions, and secondarily through a gap-junction independent pathway.Our results highlight the importance of microRNA exchanges between tumor and endothelial cells that in part involves the formation of functional gap junctions between the two cell types.
INTRODUCTION
Among all brain cancers arising from transformed glial cells, grade IV glioblastoma (GBM), as defined by the World Health Organization, is the most prevalent and aggressive [1] . The diffusely invasive nature of these tumors precludes their complete surgical resection, which inevitably leads to tumor recurrence and patient death [2] . Glioblastoma cells migrate onto normal brain microvessels for invasion and tumor growth [3] . They communicate directly with surrounding normal cells such as astrocytes, glia and endothelial cells, through the formation of gap junctions. These cell-to-cell interactions modify astrocyte phenotype [4] [5] [6] and promote tumor angiogenesis and tumor growth [7] . Therefore, gap junctions and their signaling are proposed as potential therapeutic targets in these patients.
Gap junctions are specific cell-to-cell channels formed by membrane proteins called connexins (Cx). Connexin43 (Cx43) is the major connexin expressed in human microvascular endothelial cells (HMEC), astrocytes and glioblastoma cells. Cx43 is specifically upregulated in the reactive astrocytes surrounding glioblastoma [8] , suggesting that gap junctions at the tumor margins are involved in tumor cell invasion [4, 6, 8, 9] and tumor growth [10] . The precise role of gap junctions remains poorly understood. Nevertheless, microRNAs (miRs) were observed to be exchanged between glioblastoma cells [11] and normal astrocytes [4] through gap junctions. MiRs are small non-coding RNAs that modulate gene expression by affecting the translation of messenger RNAs (mRNAs) into proteins and inducing target mRNA decay [12] [13] [14] . A miR is single-stranded and ~21nucleotides long, forming a linear molecule with a diameter of ~1.0 nm, which is in the same order of the gap junction channel pore size [15, 16] . We have recently reported that miR-145-5p, which reduces glioma growth [17] , could be exchanged between HMEC and colon cancer cells through gap junctions formed by Cx43 [18] .
Here, we examined whether the formation of gap junctions could permit the exchange of specific miRs between glioblastoma and microvascular cells, and how
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this transfer could influence the endothelial cell function in vitro (i.e., leading to angiogenesis). We used the U87 human glioblastoma cell line and HMEC, and focused on two human mature miRs, namely miR-145-5p which is expressed in HMEC but not in U87 [17] , and miR-5096 which is expressed in U87 [4] but not reported in HMEC. We demonstrate an exchange of these two miRs between the two cell types through the same gap junction pathway. The effects of miR-5096, whose transfer is transiently mediated by gap junctions, starts at earliest stages of cellcell contact and may be amplified by signal spread among HMEC. Our results reveal that glioblastoma cells modify the behavior of microvascular cells through miR transfer.
RESULTS

Expression levels of miR-145 and miR-5096 in glioblastoma and microvascular endothelial cells
We first explored the basal expression level of miR-145-5p and miR-5096 in HMEC and U87 cells, in homotypic cultures. We observed that miR-145-5p was almost exclusively expressed in HMEC and could not be detected at a significant level in U87 ( Figure 1A ). In contrast, miR-5096 was mainly expressed in U87 and poorly detected in HMEC ( Figure 1B) . We subsequently labelled U87 with the cell tracker DiL-C18 [19] , and cocultured these cells with HMEC before flow cytometry sorting. As an additional control, the expression levels of these miRs were measured in U87 and HMEC, sorted immediately after being mixed, and were similar to that measured in cells cultured separately, i.e. miR-145-5p and miR-5096 remained poorly detected in U87 and HMEC, respectively (not shown). After 12 hours of co-culture, mir145-5p expression level was increased in both U87 (by 40%) and HMEC (by 20%) ( Figure 1A ). At the same time, miR-5096 expression level was significantly increased in HMEC while decreased by 20% in U87 ( Figure 1B ). These observations led us to explore miR exchanges between these two cell types.
Micro-RNA exchange between endothelial and glioblastoma cells
To determine whether miR-145-5p was transferred from endothelial to cancer cells, we transfected HMEC with a miR-145-5p mimic (30 nM) before culturing them with DiL-C18-labelled U87 (ratio 1:1) for 12 hours. The two cell types were subsequently sorted by flow cytometry and miR145-5p expression was measured in each population. Both HMEC and U87 expressed high levels of miR-145-5p ( Figure 2A ). To evaluate the contribution of cell-to-cell contact in this transfer, we cultured U87 with miR-145-5p-transfected HMEC in transwell plates to prevent any cell-cell contact. In these non-contact conditions, we failed to detect any increase in miR-145-5p expression level in U87 ( Figure 2B ). These results indicate that U87 do not ingest extracellular miR-145-5p, either free or incorporated into soluble exosomes [18] . We performed the same experiment by transfecting U87 with miR-5096 mimic (30 nM) before culturing them with DiL-C18-labelled HMEC (ratio 1:1) for 12 hours. High levels of miR-5096 were also detected both in U87 and HMEC ( Figure 2C, 2D) . No increase in miR-5096 expression level in HMEC was observed in noncontact co-cultures with U87 (not shown). To evaluate the contribution of gap junctions to miR-5096 transfer from glioblastoma cells to HMEC, co-culture was made in the presence of carbenoxolone, in order to block the gap junction intercellular communication (GJIC) [11, 20] . Clearly, inhibition of GJIC prevented the miR-5096 increase in HMEC (Figure 2D , n=3; P>0.5). Because Cx43 is mostly involved in GJIC between HMEC and U87 [7] , we knocked down Cx43 expression in U87 by using specific siRNA (see supplementary Figure S3A ). The down regulation of Cx43 in U87 prevented the transfer of miR-5096 to HMEC (see supplementary Figure S3C ). It is to note that carbenoxolone also prevented the transfer of miR-145-5p from HMEC to U87; the miR-145 expression levels in U87 were 2.2742±0.43 and 2.21±0.1 x 10 -4 , respectively in the absence and in the presence of carbenoxolone (means ± SD; P<0.05; n = 3), i.e. a miR-145 level similar to homotypic U87 culture (2.601±0.1 x 10 -4 , n=3; P>0.5). Thus, the two miRs were exchanged through the same pathway. 
miR-5096 favors communication between glioblastoma and endothelial cells
Transfected U87 were double loaded with calcein, a dye that passes through gap junctions, and DiL, a membrane-bound dye ( Figure 3A ; [19] ). Labelled U87 were plated onto HMEC monolayers to which they rapidly adhered. The calcein transfer to HMEC was then measured, attesting the formation of heterocellular GJIC. When U87 were transfected with a miR-5096 mimic, calcein transfer was significantly increased within 5 hours. The gap junction blocker, carbenoxolone, did not affect cancer cell adhesion to endothelial cells ( Figure 3A ), but abolished calcein transfer from U87 to HMEC ( Figure  3B ). A similar result was obtained by inhibiting miR-5096 expression in glioblastoma cells. These results suggest that miR-5096 itself favors the communication between cancer and endothelial cells.
We analyzed the effect of miR-5096 on Cx43 expression in the two cell types ( Figure 3C ). Transfection of U87 with a miR-5096 mimic induced a 2-fold increase in Cx43 expression in U87, without modifying Cx43 expression in co-cultured HMEC for 12 h ( Figure 3D ). This is in agreement with the large transfer of miR-5096 from U87 to HMEC within 12 hours of co-culture ( Figure  2C , 2D) and its inhibition by decreasing Cx43 expression using siRNA in U87 (see supplementary Figure S3C ).
miR-5096 increases the proangiogenic effect of glioblastoma cells in vitro
We subsequently used an in vitro matrigel tube formation assay to explore if miR-5096 could modulate the ability of HMEC to form capillary-like structures [18] . Co-culture of U87 and HMEC initiated the formation of typical capillary-like structures within 5 hours ( Figure  4A ). When miR-5096 mimic-loaded U87 were co-cultured with HMEC, the formation of a capillary-like network at 5 hours was increased ( Figure 4A, 4B) . Such an effect was not observed when U87 were loaded with a miR-5096 specific inhibitor. Thus, miR-5096 expressed by glioblastoma cells could act as a proangiogenic factor, i.e., through increasing tubulogenesis ( Figure 4B ). The opposite effect was observed when miR-145-5p mimictransfected HMEC were co-cultured with U87, as this transfection inhibited the formation of capillary-like structures ( Figure 4B , see supplementary Figure S1 ). Altogether, these results suggest that, by modulating the tumor associated capillary-like network, the transfer of miR-145-5p from endothelial to cancer cells may decrease tumor growth whereas the transfer of miR-5096 from cancer to endothelial cells may have opposite effects by promoting angiogenesis.
As previously reported [17] , miR-145-5p mimic also decreased U87 cell proliferation (not shown). Conversely, neither cell loading with a miR-5096 mimic nor a miR-5096 inhibitor did affect the proliferation of U87 and HMEC ( Figure 4C ). The VEGF soluble protein release was not influenced by miR-5096 ( Figure 4D ).
miR-5096 disrupts the heterocellular GJIC with time
To determine whether miR-5096 effects are stable with time, its cell expression level was determined two days after cell loading. More precisely, donor U87 were plated 2 days after transfection with acceptor HMEC for 12 h (ratio 1:1). As shown in Figure 5A , miR-5096 expression level in U87 was lower after 2 days in culture than within the first day (by 30 %; see Figure 2C ). Its expression level in HMEC was also decreased (by 70% of its value measured within the first day; see Figure 2D ). Thus, after 2 days, U87 were still capable to transfer miR-5096 to co-cultured HMEC but to a lesser extent.
However, U87 loaded with miR-5096 mimic did not transfer calcein to HMEC monolayers ( Figure 5B ). Conversely, a large calcein transfer to HMEC, attesting the formation of heterocellular GJIC, was observed by inhibiting miR-5096 in U87. The GJIC capacity was increased by 4 fold with the miR-5096 inhibitor and was completely abolished with miR-5096 mimic ( Figure  5B, right panel) . We performed the same experiment by transfecting HMEC with miR-5096 mimic and inhibitor. Two days after transfection, loaded HMEC were plated onto HMEC monolayers and the calcein transfer was observed (see Supplementary Figure 2 ). Neither miR-5096 mimic nor inhibitor affected the GJIC established between transfected and non-transfected HMEC.
Since functional GJIC required Cx43 expression, we performed immunoblot analyses of whole-cell extracts in co-cultures, 2 days after loading ( Figure 5C ). Strikingly, miR-5096 mimic down-regulated Cx43 expression in transfected U87, while it up-regulated Cx43 expression in HMEC. The immunofluorescent labelling of Cx43 in U87 further demonstrated the time-dependent decrease in heterocellular GJIC (see supplementary Figure S4 ). These results suggest that miR-5096 modulates Cx43 expression and GJIC, in a time-and cell type-dependent manner. In spite of the decrease in Cx43 expression, U87 loaded with miR-5096 mimic were still able to increase the formation of a capillary-like network at 5 hours ( Figure 5D ).
DISCUSSION
Accumulated evidence indicate that non-coding microRNAs (miRs) have multiple effects on gene regulation during tumor progression [14, 21] . Here, we demonstrate the ability of gap junctions to drive miRs exchange between HMEC and the U87 human glioblastoma cell line and to modulate the behavior of target cells. First, miR-145, which is downregulated in early stages of glioma progression [22] and behaves as www.impactjournals.com/oncotarget U87, transfected or not (Empty) with miR-5096-mimic (30 nM) or miR-5096-inhibitor (30 nM), were loaded with calcein and labelled with DiL-C18. Calcein diffuses through gap junctions, while DiL-C18 does not. These cells were then plated on unlabeled HMEC monolayer (acceptor). After 5 h of co-culture, HMEC establishing GJIC with U87 become fluorescent by calcein diffusion. Carbenoxolone (100 μM) prevented it without affecting the cell-to-cell adhesion. Dotted areas are enlarged in the right inserts (representative of 3 experiments; Bar 80 μm). B. Histogram shows the cell number of HMEC receiving dye (calcein) per U87 (mean ±SD; **P<0.01 vs control, n = 3). Carb.: 100 μM carbenoxolone. C. Immunoblot analysis of Cx43 protein in HMEC (left) and U87 (right) whole cell lysates after 12 h of co-culture. P0, P1 and P2 denote the three major Cx43 migration bands. One representative of 3 independent experiments is shown (β-actin as loading control). D. Histogram shows changes in all band intensity related to the total Cx43 expression level in the whole cell lysates (mean ± SD; *P<0.05 vs empty; Mann-Whitney U test and Kruskal-Wallis test; n = 3). a tumor suppressor [17] , can migrate from endothelial to tumor cells and function as an "antiangiogenic" signal. Second, miR-5096, which is upregulated in glioma (as compared to normal brain tissues) and promotes glioma invasion [4] , can migrate from tumor cells to endothelial cells in which it functions as a "proangiogenic" signal. The cell-to-cell transfer of these miRs is inhibited by the loss of contact between HMEC and U87 cells and by the presence of the GJIC blocker, carbenoxolone, indicating that miR-145 and miR-5096 use the same intercellular transfer pathway (GJIC) to mediate their opposite effects on angiogenesis.
The observation that miR-145 can be transferred from HMECs to U87 enforces our previous demonstration that functional gap junctions between colon carcinoma cells and HMEC could permit the transfer of miR-145- either non-transfected (E) or transfected with mimic (M; 30 nM) or inhibitor (I; 30 nM), were cultured alone for 48 h, then co-cultured with acceptor HMEC (right panel) for 12 h. The miR-5096 levels, relative to U6 snRNA, are means ± SD (*P<0.05 vs empty; Mann-Whitney U test and Kruskal-Wallis test; n = 3). B. Blockage of functional GJIC between U87 and HMEC by miR-5096. Transfected U87 were cultured alone for 48 h, then loaded with calcein and DiL-C18. Labelled U87 (donor) were plated onto HMEC monolayer (acceptor) as described in Fig. 3A . Phase-contrast microphotographs after 5 h of co-culture (representative of 3 experiments; Bar 80 μm). Histogram shows the cell number of HMEC receiving dye (calcein) per U87 (mean ±SD, n=3; **P<0.01 vs control). C. Down-regulation of Cx43 expression in U87 by miR-5096. Immunoblot analysis of Cx43 in whole-cell lysates from transfected U87 (right), cultured alone for 48 h then co-cultured with HMEC for 12h (representative of 3 independent experiments; β-actin as loading control). Histogram shows the miR-5096-mediated down-regulation of Cx43 in U87 and the up-regulation of Cx43 in co-cultured HMEC (mean ± SD; *P<0.05 vs empty; Mann-Whitney U test and Kruskal-Wallis test; n = 3). D. miR-5096 mediated tubulogenesis. Representative micro-photographs of HMEC plated on Matrigel for 5 h with U87 previously loaded with mimic or inhibitor (Bar 80 μm). Histogram showing the number of branch points per field (mean ± SD; **P<0.01 vs empty; Kruskal-Wallis test; n = 3).
5p from cell to cell [18] . Re-expression of miR-145 in U87 can inhibit glioma cells proliferation, invasion and angiogenesis in vitro and reduce glioma growth in vivo [17] . This effect of miR-145 was initially related to its ability to decrease vascular endothelial growth factor (VEGF) expression levels [17] . Actually, VEGF expression level also decreases when miR-145 expression is downregulated [17] . Moreover, perivascular invasion by glioma cells increases when VEGF synthesis is deficient [23] and when brain tumor xenografts are treated with anti-VEGF blocking antibodies [24, 25] . In patients GBMs that are resistant to bevacizumab therapy, demonstrated a tendency toward perivascular invasion [26] . Blocking angiogenic signaling using antibodies targeting the VEGF-A axis failed to curb progressive tumor growth and meaningfully extend patient survival, suggesting that both perivascular brain tumor growth and invasion use a VEGF-independent mechanism of tumor vascularization [3] . Conversely, we here demonstrate an angiogenic effect of miR-5096, which is independent of any change in VEGF release from U87 cells. Also, overexpression and downregulation of miR-5096 did not affect the proliferation of either U87 or HMEC in vitro. Altogether, the transfer of miR via functional gap junctions between tumor cells and endothelial cells may modulate the behavior of tumor cells and surrounding normal tissues and subsequently change tumor growth characteristics [4, 6, 14] .
We also demonstrate that miR-5096 transfer via gap junctions is time-dependent. Both the GJIC and underlying Cx43 expression were transiently increased in transfected U87. After a few days in culture, gap junctions between U87 and HMEC have lost their functionality but miR-5096 is still transferred from U87 to HMEC, although less efficiently, suggesting that another still unidentified pathway is activated [27, 28] . Conversely, transfection of miR-5096 into HMEC does not affect the homocellular GJIC in HMEC monolayers (see Supplementary Figure  S2 ), indicating that overexpression of miR differentially regulates Cx43 expression in HMEC and U87 [14, 29, 30] .
Altogether, our results highlight a complex dialog between brain blood vessels and perivascular glioma cells that ends in invasion in a VEGF-independent manner. Future investigation will indicate if the manipulation of miR exchanges between these cells deserves to be developed as an alternative anti-GBM therapy.
MATERIALS AND METHODS
Cells
Human microvascular endothelial cells (HMEC; Lonza, Switzerland) and glioblastoma cells (U87-MG; ATCC HTB-14) were grown in DMEM plus 10% FCS (5% CO 2 ; 37°C). Cells were incubated overnight in FCSfree media before use.
Reagents
Mouse monoclonal anti-Cx43 (610062) was purchased from BD Transduction Laboratories (Lexington, KY). Mouse anti-Hsc70 and anti-β-actin were from Santa Cruz Biotech. Vybrant cell labeling solution DiL-C18 was from Molecular Probes (Invitrogen; Life Technologies, Saint-Aubin, Fr). Rabbit polyclonal anti-HIF-1α (ab2185) was from Abcam (Paris, Fr). GW4869 was purchased from Calbiochem (Merck Chimie SAS, Fontenay-sous-Bois, Fr). Other chemicals were from Sigma-Aldrich.
Transfection
Human hsa-miR-145-5p mimics (mirVana TM miRNA mimic, 4464066-MC11480), hsa-miR-145-5p inhibitors (mirVana TM miRNA mimic, 4464084-MH11480), hsa-miR-5096 mimics (mirVana TM miRNA mimic, 4464066-MC22429) and hsa-miR-5096 inhibitors (mirVana TM miRNA mimic, 4464084-MH22429) were purchased from Ambion (Invitrogen). Silencing RNA (siRNA) targeting the human Cx43 gene was purchased from Santa Cruz Biotech (GJA1_human mapping 6q22.31; Clinisciences; Nanterre, Fr) and control siRNA was from Dharmacon (ThermoFischer, Saint-Remy-les-Chevreuses, Fr). Cells were transfected by lipofectamine RNAiMAX according to the manufacturer's protocol (Invitrogen; Life Technologies).
Co-culture and cell sorting by flow cytometry
Acceptor cells were labelled with DiL-C18, then washed and mixed with unlabeled cells (donors) in a ratio of 1:1. After co-culture, donors and acceptors were separated by flow cytometry based on the fluorescence dye. Cell sorts were carried out twice to guarantee 100% purity.
RNA isolation and real-time PCR analysis
Total RNA was isolated using TRIzol reagent (Invitrogen). Expression of miR-145 was determined using TaqMan miRNA assay (Invitrogen) according the manufacturer's protocols. Level of miR-145 was expressed relative to the level of U6 snRNA (Ambion, 4427975-001973), used as internal control for each measurement. Relative values thus obtained were averaged.
Heterocellular GJIC functionality
CRC cells were labeled with 4 μM calcein/AM (30 min) together with 10 μM DiL-C18 as previously detailed [19] . After washing, 10 3 fluorescent cells were laid on HMEC monolayers. The transfer of dye was visualized after a given time at 37°C. www.impactjournals.com/oncotarget Immunoblotting Briefly, cells were lysed in RIPA buffer, and Western blots were performed with antibodies, as previously described [19] .
Endothelial tube formation assay in collagen gels
Cells were trypsinized and resuspended in ECM gel with DMEM according to the manufacturer's instructions (Cell Biolabs, Inc) [19] . Each well is duplicated for each experiment, and each experiment was repeated three times. For short term assays (after 4 hours of incubation at 37°C), 80 single HMEC cells were scored for the number of processes per cell. Cells were photographed at a magnification of x10 using Zeiss microscope, equipped with a video camera.
Cell proliferation
CellTrace™ Violet was used for tracking proliferation in the two cell types, by fluorescent dye dilution and flow cytometry, according to the manufacturer's protocol (MolecularProbes, ThermoFisher, Fr).
Human VEGF immunoassay
For collection of conditioned media (CM), cells were grown 6 h in FCS-free DMEM then fresh medium (3 ml/T-25 flask) was added for 12 h before to be collected. The quantitative determinations of human VEGF concentrations in CM were made by enzymelinked immunosorbent assays (ELISAs; Quantikine; R&D Systems), according to the manufacturer's instructions.
Statistical analysis
Results are expressed as mean ± SD. Groups were compared using one-way analysis of variance (ANOVA; Statview Software). A Mann-Whitney U test was also used to compare data groups. In some cases, statistics were made with Tanagra software using a Kruskal-Wallis 1-way ANOVA. In all cases, *P values < 0.05 were significant.
